The hot deformation behavior of a new Al-Mn-Sc alloy was investigated by hot compression conducted at temperatures from 330 to 490 • C and strain rates from 0.01 to 10 s −1 . The hot deformation behavior and microstructure of the alloy were significantly affected by the deformation temperatures and strain rates. The peak flow stress decreased with increasing deformation temperatures and decreasing strain rates. According to the hot deformation behavior, the constitutive equation was established to describe the steady flow stress, and a hot processing map at 0.4 strain was obtained based on the dynamic material model and the Prasad instability standard, which can be used to evaluate the hot workability of the alloy. The developed hot processing diagram showed that the instability was more likely to occur in the higher Zener-Hollomon parameter region, and the optimal processing range was determined as 420-475 • C and 0.01-0.022 s −1 , in which a stable flow and a higher power dissipation were achieved.
Introduction
Casting and wrought aluminum (Al) alloys have been widely used as structural materials in aerospace industries owing to their high specific strength (strength to weight ratio), excellent fatigue resistance, and good formability [1] [2] [3] . The strength mainly arises from precipitation strengthening achieved from aging treatment [4] [5] [6] . Recently, a new high strength Al-Mn-Sc alloy has been developed by Jia et al. [7] using selective laser melting (SLM). The supersaturated Mn and Sc significantly improve the mechanical property through solid solution strengthening of Mn and precipitation strengthening of nano-sized Al 3 Sc precipitates, which lead to a superior yield strength at 560 MPa and a good ductility at 18%. Such mechanical properties are attractive for aerospace industries. However, this Al-Mn-Sc alloy has only been studied in the additive manufactured condition, but has not been investigated in other forms like casting and wrought products.
After direct chill casting, Al ingots generally need various thermo-mechanical processing steps to obtain different types of semi-finished products. The microstructure of the material depends on the thermo-mechanical processing parameters, which also determine the quality of the formed part. Thus, it is necessary to understand the influence of deformation parameters on hot deformation behavior
Materials and Methods
The raw material (Table 1 ) used in this experiment was a casting ingot with a diameter of 150 mm. Cylindrical samples (ϕ10 × 15 mm) were sectioned by Electrical Discharge Machining (EDM) wire-cut from the ingot and then ground by SiC abrasive sandpaper before subjecting to isothermal hot deformation experiments conducted on a Gleeble-3800 system. According to the deformation conditions of aluminum alloy in normal industrial production, the test was carried out at temperatures from 330 to 490 • C and strain rates from 0.01 to 10 s −1 . Graphite sheet was used as a lubricant between the compression plate and the sample to reduce friction. Before the compression test, the samples were solution treated at 500 • C for 5 min followed by gas quench in the Gleeble chamber. These samples were heated again to the testing target temperature at a ramping rate of 10 • C/s and held for 5 min to eliminate the thermal gradients before compression. Isothermal hot deformation experiments were conducted afterwards at various temperatures and strain rates. After a 60% deformation, the samples were gas-quenched to room temperature to freeze the microstructure after the hot deformation. The gas-quenched deformed samples were sectioned by EDM wire-cut along the axial direction, which is parallel to the compression direction. A standard metallographic sample preparation and etching by Keller's solution (1 mL HF + 1.5 mL HCl + 2.5 mL HNO 3 + 95 mL H 2 O) were carried out, and the microstructure characterization was conducted by using a Leica DMi8A light microscope (LM) and a FEI QUANTA 450 scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS) detector. The grain size was measured by ImageJ software. 
Results and Discussion

Microstructure of As-Cast Al-Mn-Sc Alloy
Adding Mn element to aluminum alloy has a certain solid solution strengthening effect. In addition, the Al 6 Mn phase can hinder the growth of recrystallized grains, refine the grains, and improve the strength of the alloy. For Scandium (Sc) addition, the Al 3 Sc phase with an L12 structure can prevent recrystallization and promote fine grain strengthening and fine precipitation strengthening. Sc is considered to be the most effective alloying element for aluminum alloys. Al 3 Sc precipitates show small lattice mismatches and low interfacial energy in aluminum matrix, and the low diffusivity of Sc also helps to improve thermal stability [20] . The addition of Zr can further reduce the lattice mismatch, because Zr has a lower diffusivity, and can replace some Sc atoms to form a protective shell by segregating around the precipitate, thereby further enhancing the strengthening effect and thermal stability [21] . The as-cast microstructure of the Al-Mn-Sc alloy ( Figure 1 ) is composed of intermetallic phases with different morphologies, including polygonal shaped phases, long lath-like phases, and small-sized hexagonal and square phases, distributed in the Al matrix. The etched samples revealed grain boundaries, as shown in Figure 1b , the matrix grains were equiaxed with an average size of approximately 30 µm according to image analysis.
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Hot Deformation Behavior
In order to measure the validity of the thermal compression data, we verified the expansion coefficient B of the material; Equation (1) is as follows [24] :
In Equation (1), L 0 is the original height of the sample, d 0 is the original diameter of the sample, L f is the average height of the sample after compression (measured at the center axis of the cylinder and every 120 • at the edge, and the average height is based on these four locations), and d f is the average diameter of the sample after compression (taken the average diameter at top, middile, and bottom heights). When B ≥ 0.9, the results of the thermal compression experiment are valid. After measurement and calculation, the thermal compression experimental data obtained by all samples are verified to be valid.
On the basis of the true stress-strain curves of Al-Mn-Sc alloy compressed at different temperatures and strain rates (Figure 3 ), the flow behavior of the Al-Mn-Sc alloy was affected by the deformation temperature and strain rate. Work hardening caused by dislocation generation and entanglement resulted in an increase in flow stress at small strains. A further increase in strain led to a dynamic softening effect, which gradually overweighed the work hardening effect. As a result, the flow stress first increased to a peak and then slightly decreased with strains. In addition, the flow stress decreased substantially with increasing temperatures and reducing strain rates. This indicates the dynamic softening is more sufficient at high temperatures and low strain rates, which is consistent with the previous observations in other hot compressed Al alloys [25, 26] . Dynamic softening, including dynamic recovery (DRV) or dynamic recrystallization (DRX), reduces the dislocation density in contrast to work hardening. A lower strain rate allows a longer time to accumulate the activation energy, which reduces the stress in turn.
Constitutive Equations
Deformation temperature and strain rate are important factors controlling the hot deformation flow stress. The hyperbolic sinusoidal constitutive equation in the Arrhenius model has been widely used to describe the complex relationships among flow stress, heat distortion temperature, and strain rate [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 27 ]. Sellars and McTegart proposed the use of a hyperbolic sine function including the thermal deformation activation energy Q and temperature T to describe the thermal activation behavior of the material. The relation among the strain rate, flow stress, and deformation temperature can be established by the following equation [28] :
where .
ε is the strain rate, A is the structural factor, F(σ) is a function of stress, σ is the flow stress, Q is the activation energy, R is the gas constant, and T is the absolute temperature. At different stress conditions, F(σ) has the following three expressions:
where α is the stress level parameter and n is the strain hardening index, α = β/n. ασ ≤ 0.8 represents a low stress level, and ασ > 0.8 represents a high stress level. Substituting different stress levels of Equation (3) into Equation (2) leads to Equations (4)- (6):
.
In order to determine the constant terms in Equations (4) and (5), the natural logarithm is applied on both sides of the equation, and the following equations can be obtained:
On the basis of Equations (7) and (8), the relationship between the stress and strain rate ( Figure 4 ) can be obtained by plotting using measured peak stress ( Table 2 ). The curve fitting was conducted by a linear least-squares regression. The average slopes of all the fitted lines are the constant n 1 and β, respectively (Figure 4a ,b). The obtained n 1 is 13.058, and β is 0.116. Hence, α is calculated at 0.009. 
Hot Deformation Behavior
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Constitutive Equations
Deformation temperature and strain rate are important factors controlling the hot deformation flow stress. The hyperbolic sinusoidal constitutive equation in the Arrhenius model has been widely used to describe the complex relationships among flow stress, heat distortion temperature, and strain By applying Equation (6) to all stress levels, Equation (8) can be obtained by taking the natural logarithm: ln
The following equation of the hot activation energy Q can be obtained from Equation (9):
At a certain strain and strain rate, Equation (11) can be derived from Equation (10):
In Equation (9), n is the average slope of the linear relationship between ln . ε and ln[sinh(ασ)], and Q/Rn is the average slope of the linear relationship between ln[sinh(ασ)] and (1/T) in Equation (11) . As shown in the Figure 4c ,d, the mean values of these two slopes are 9.851 and 2449.059 respectively. As we know the value of n 2 and R, the hot deformation activation energy Q of the Al-Mn-Sc alloy is determined at 200.581 kJ·mol −1 . According to Zener and Hollomon [27, 29] , the strain rate of high temperature plastic deformation is controlled by the heat activation process, and the relationship between strain rate and temperature can be expressed by the Z parameter, which is a temperature compensated strain rate factor. Hence, Equation (2) can be further derived to Equation (12):
By applying the natural logarithm in Equation (12), we can obtain the following equation:
By substituting the values of T and ln . ε into Equation (13), the value of the Zener-Hollomon parameter (lnZ) at different temperatures and strain rates can be obtained. As shown in Figure 5 , it is worth noting that the value change trend of lnZ is the same as the flow stress, and increases as the deformation temperature decreases or the strain rate increases. The slope at 9.978 is computed between lnZ and ln[sinh(ασ)], which leads to the structural factor A at 8.171 × 10 13 . In summary, all constant values are determined above. The constitutive equation for the hot compressed Al-Mn-Sc alloy can then be presented in Equation (14).
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According to Equations (9) and (11), the activation energies obtained under various deformation conditions are shown in Table 3 .
As shown in Table 3 , the deformation activation energy of the Al-Mn-Sc alloy decreases with increasing temperatures and strain rates. When the hot working conditions are changed in a wide range, the obtained deformation activation energy is also in a large range, which indicates that the alloy is sensitive to hot working deformation conditions. First, the activation energy decreases with increasing strain rates. This phenomenon should be related to dislocation movement. The external stress increases with increasing strain rates, and the shear stress applied in the dislocation sliding direction also increases [30] . Therefore, dislocation motion can be activated easily at a higher stress and lower activation barrier condition [31] .
Second, the activation energy decreases with increasing deformation temperatures owing to the effect of dislocation density. At higher temperatures, the rearrangement of dislocations during DRV and the formation and growth of recrystallized grains during DRX will be promoted, leading to a reduction in dislocation density. Therefore, as the deformation temperature increases, the resistance to dislocation movement decreases.
Processing Map
The thermo-mechanical processing maps (PMs) were extensively used to describe the microstructure evolution and establish the processing window, which provide guides for the industrial manufacturing such as rolling, extrusion, and forging [10, 14, 32, 33] . PMs can be obtained by the dissipation power diagram and the processing instability diagram. On the basis of the principles of large plastic deformation continuum mechanics, physical system simulation, and irreversible thermodynamics theory, Prasad et al. established a dynamic material model (DMM), which regards the hot deformation process as a closed thermodynamic system [34] .
During thermo-mechanical processing, the energy P obtained by the material per unit volume within a certain time can be divided into two parts according to the report by Prasad et al. [34] : (1) The energy consumed by plastic deformation is represented by G. Most of G is converted into heat, and a small portion is stored as crystal defect energy. (2) The energy consumed by the microstructure evolution during hot deformation is J, which represents the evolution of the microstructure during the deformation process, such as DRV, DRX, internal cracks (voids formation and wedge cracks), dislocations, growth of grains and precipitates under dynamic conditions, spheroidization of needle-like structures, phase transitions [35] , and so on. Therefore, the total energy P can be expressed as follows:
For most pure metal or low alloy materials, the energy distribution relationship between G and J satisfies Equation (16) when the temperature and strain rate are constant:
where m is the strain rate sensitivity factor and is independent to strain. For the condition of the ideal linear dissipation (m = 1), J has the maximum value at J max = P/2. The ratio between J and J max was determined by the dissipation efficiency factor (η) [34] : where η represents a dimensionless parameter that describes the ratio between the energy consumed by the microstructure evolution and the total energy consumed by a linear hot deformation. η is also termed as the microstructure trace. Domains with high dissipation efficiency factors in PMs indicate the formation of special structures or occurrence of softening behaviors, such as DRX and DRV, and possible local deformation instability. Therefore, the unstable region of the material in hot deformation must be identified in order to determine a suitable processing window [34, 35] . On the basis of the principle of irreversible thermodynamics of large plastic deformation proposed by Prasad, the instability criterion is established as follows:
The values of m, η, and ξ were calculated by cubic spline interpolation. The equivalent maps of the dissipated power η and the instability factor ξ are plotted in Figure 6a ,b, respectively. linear dissipation (m = 1), J has the maximum value at Jmax = P/2. The ratio between J and Jmax was determined by the dissipation efficiency factor (ƞ) [34]: = = /2 = 2 1 + (17) where ƞ represents a dimensionless parameter that describes the ratio between the energy consumed by the microstructure evolution and the total energy consumed by a linear hot deformation. ƞ is also termed as the microstructure trace. Domains with high dissipation efficiency factors in PMs indicate the formation of special structures or occurrence of softening behaviors, such as DRX and DRV, and possible local deformation instability. Therefore, the unstable region of the material in hot deformation must be identified in order to determine a suitable processing window [34, 35] . On the basis of the principle of irreversible thermodynamics of large plastic deformation proposed by Prasad, the instability criterion is established as follows: (18) = ln + 1 ln + 0 (19) The values of m, η, and ξ were calculated by cubic spline interpolation. The equivalent maps of the dissipated power η and the instability factor ξ are plotted in Figure 6a A domain with a higher dissipation efficiency factor indicates that more energy is dissipated in microstructure evolution, which is preferred as the processing window for hot deformation. A domain with a higher dissipation efficiency factor indicates that more energy is dissipated in microstructure evolution, which is preferred as the processing window for hot deformation. Figure 6a shows a contour map of η at ε = 0.4. With the temperatures at 420-475 • C and the strain rate at 0.01-0.022 s −1 , the dissipated power increases to the maximum value of 26%. Figure 6b shows the instability map of the Al-Mn-Sc alloy at ε = 0.4, and the shaded domains (the negative instability factor) represents the unstable windows. When the deformation temperature is low and the strain rate is large (i.e., a higher Z parameter), the instable deformation is more likely to occur. Hot processing in these parameters is prone to introduce defects and is not effective in facilitating the recrystallization. A suitable processing window should be the rest region outside the regions mentioned above. Figure 6c is the PM generated by superimposing the dissipated power and the flow instability diagrams when the strain is fixed at 0.4. Comparing the samples under the two deformation conditions of 370 • C/1 s −1 (stable region) and 490 • C/10 s −1 (unstable region) in Figure 6c , it is apparent that severe cracking happened in 490 • C/10 s −1 .
The peak domain (26%) with deformation temperatures and strain rates at 420-475 • C and 0.01-0.022 s −1 is the most suitable processing window. The strain rate is low, but the deformation temperature is high, and there should be enough driving force to promote the dynamic recovery or dynamic recrystallization to optimize the microstructure. Although the dissipated power value is low at 370 • C, regions A and B in Figure 6c are also interesting by considering that most conventional forming processes operate with forming rates significantly above 1s −1 .
Microstructure Analysis
Many studies have shown that the microstructure after hot deformation is closely related to the Zener-Hollomon (Z) parameter [8, [36] [37] [38] [39] . The Z parameter was used to evaluate the hot deformation behaviours, and a larger lnZ corresponds to a higher strain rate or a lower deformation temperature. In order to further verify the feasibility of the hot processing map and understand the deformation mechanism, the deformed microstructures processed at the five regions (A) to (E) in Figure 6c are presented in Figure 7 , and the corresponding lnZ are listed in Table 4 . Figure 7 shows that grains are aligned in the transverse direction and intermetallic compounds are distributed in the matrix. As shown in Table 4 , the lnZ value decreases with reducing deformation rates when the deformation temperature is 370 • C. Most of the grain boundaries remain straight, and DRV is the main softening mechanism in Figure 7a -c. The dislocations in this process change from the mixed arrangement of high-energy states to the regular arrangement of low-energy states, forming vertically arranged dislocation walls [8, 33] . The strain rates of Figure 7a ,d, and e are fixed at 0.01 s −1 , and the value of lnZ decreases with an increasing deformation temperature, as shown in Table 4 . The grain boundary is no longer straight and becomes relatively curved at high deformation temperatures. Moreover, some small grains appear at grain boundaries in sample deformed at 490 • C (Figure 7e ), which are preferred locations for recrystallization [40] . Therefore, in these cases, DRX is the main mechanism for the hot deformation. In Figure 7e , the value of lnZ is the smallest with the deformation temperature at 490 • C and strain rate at 0.01 s −1 , which leads to a substantially increased DRX and is consistent with the findings in previous studies [39] [40] [41] . DRX is beneficial for the hot deformation process, which provides a stable flow and results in a good processability. A high temperature accelerates the diffusion of atoms and promotes the microstructure change of materials. A reduced dislocation density achieved by either DRV or DRX is able to compensate the work hardening effect, which leads to a steady flow in thermo-mechanical processing. In addition, a low strain rate provides sufficient time for microstructural evolution during plastic deformation. Thus, high deformation temperature and low strain rates are favorable to achieve a steady-state deformation, and a processing window is proposed at 420-475 • C/0.01-0.022 s −1 for the new Al-Mn-Sc alloy. Table 4 . lnZ values of Al-Mn-Sc alloy samples deformed at different regions in the PM in Figure 6c . Table 4 . lnZ values of Al-Mn-Sc alloy samples deformed at different regions in the PM in Figure 6c . 
Regions in PM
Conclusions
Hot compression tests were conducted at 330-490 °C and 0.01-10 s −1 to study the hot deformation behavior and determine the processing window of a new Al-Mn-Sc alloy. The following conclusions were reached.
(1) The dynamic softening is sufficient at higher temperatures and lower strain rates. In general, the flow stress decreases with increasing deformation temperatures and decreasing strain rates. The 
Hot compression tests were conducted at 330-490 • C and 0.01-10 s −1 to study the hot deformation behavior and determine the processing window of a new Al-Mn-Sc alloy. The following conclusions were reached.
(1) The dynamic softening is sufficient at higher temperatures and lower strain rates. In general, the flow stress decreases with increasing deformation temperatures and decreasing strain rates. The deformation behavior satisfies the hyperbolic sinusoidal constitutive law with an activation energy Q at 200.581 kJ·mol −1 and a structural factor A at 8.171 × 10 13 . (2) On the basis of DMM, a hot processing map is established at a 0.4 strain. The optimal processing range is between 420-475 • C and 0.01-0.022 s −1 , in which a stable flow and a high power dissipation are achieved.
(3) In hot deformation, a high lnZ (low deformation temperatures and high strain rates) suggests a dynamic recovery dominated mechanism and a low lnZ indicates a dynamic recrystallization dominated mechanism.
